In mammalian testes, spermatogonial stem cells (SSCs) maintain spermatogenesis over a long period of time by undergoing self-renewal and differentiation. SSCs are among the most primitive of spermatogenic cells (undifferentiated spermatogonia), and their activities are strictly regulated by extrinsic niche factors. However, the factors that constitute a testicular niche remain poorly understood. In this study, we demonstrate that fibroblast growth factor (FGF) signaling maintains undifferentiated spermatogonia through activating ERK1/2 signaling in vivo. Undifferentiated spermatogonia comprise GFRA1 + and NANOS3 + subpopulations, which are likely to undergo self-renewal and enter the differentiation pathway, respectively. In the testis, Fgfr1 was expressed in the entire population of undifferentiated spermatogonia, and deleting FGFR1 in spermatogenic cells partially inactivated ERK1/2 and resulted in reduced numbers of both GFRA1 + and NANOS3 + cells. In addition, Fgf8 was expressed in spermatogenic cells, and loss-and gain-of-function models of FGF8 demonstrated that FGF8 positively regulated the numbers of undifferentiated spermatogonia through FGFR1, particularly among NANOS3 + cells. Finally we show a possible involvement of FGF signaling in the reversion from NANOS3 + into GFRA1 + undifferentiated spermatogonia. Taken together, our data suggest that FGF signaling is an important component of the testicular niche and has a unique function for maintaining undifferentiated spermatogonia.
INTRODUCTION
Mammalian spermatogenesis generates huge numbers of spermatozoa over a long period of time and is maintained by spermatogonial stem cells (SSCs), which undergo both selfrenewal and differentiation. In mouse testes, the most primitive spermatogenic cells, known as undifferentiated spermatogonia, include different stem cell populations [1] . These cells are classified as isolated single cells (Asingle [2, 3] . Consistent with this model, lineage-tracing experiments have revealed that cells positive for NANOS2 and GFRA1, which are detectable primarily in As cells, are more likely to undergo self-renewal. In contrast, cells positive for NEUROGENIN3 (NGN3) and NANOS3, which are expressed by a large proportion of Aal cells, tend to enter the differentiation pathway [4] [5] [6] . Interestingly, NGN3
þ cells can revert back to GFRA1 þ cells and begin to function as SSCs during steady state spermatogenesis and regeneration [7, 8] . This hierarchy and reversibility of undifferentiated spermatogonia may contribute to the robustness and flexibility in the regulation of SSCs during spermatogenesis.
SSC activities are strictly regulated by a special microenvironment known as a niche. Some genes that are expressed in testicular somatic cells have been identified as niche signals for maintaining SSCs [9] . However, the molecular factors comprising the testicular niche have remained elusive. One promising niche signal candidate is fibroblast growth factors (FGFs). Most FGFs function as secreted polypeptides that play pivotal roles in tissue development and homeostasis through regulation of cellular activities, such as proliferation, differentiation, apoptosis, and migration. FGF signaling is mediated by FGF receptor (FGFR) tyrosine kinases that are encoded by four FGFR genes (FGFR1-FGFR4) in mammals [10, 11] . Ligand receptor binding triggers FGFR dimerization and activates several intracellular signaling pathways such as MEK/ERK, PI3K/AKT, and PLCg/Ca 2þ . In the embryonic gonad, FGF9 induces testicular development from bipotential gonads and promotes male germ cell fate [12] . Several FGF ligands and FGFRs are also expressed in adult mouse testes, and FGF signaling is involved in spermatogenesis [13] [14] [15] .
Importantly, FGF signaling is essential for long-term propagation of SSCs in culture [16, 17] . FGF signaling activates the MEK/ERK pathway, which sustains As spermatogonia-like gene expression, including that of GFRA1 and RET, and blocks their differentiation [18] . In addition to FGF signaling, GDNF signaling, which is mediated by GFRA1 and RET coreceptors, plays a critical role for SSC culture by activating MEK/ERK and PI3K/AKT pathways. Unlike cultured SSCs, activation of MEK/ERK signaling in undifferentiated spermatogonia within testes depends largely on GDNF signaling. Phosphorylated ERK1/2, an activated form of ERK1/2, is detectable predominantly in GFRA1 þ cells, and ablating GDNF signaling promptly leads to ERK1/2 inactiva-tion and SSC depletion [18, 19] . However, the significance of FGF signaling in the regulation of SSCs in vivo remains largely unknown.
In this study, we investigated the significance of FGF signaling for maintaining undifferentiated spermatogonia in vivo by using loss-and gain-of-function models. We show that FGF8 derived from spermatogenic cells activates FGF signaling in undifferentiated spermatogonia through FGFR1 and contributes to maintaining undifferentiated spermatogonia, particularly NANOS3 þ cells. Our results reveal a unique function for FGF signaling in regulating undifferentiated spermatogonia.
MATERIALS AND METHODS

Animals
NANOS3
À/À mice, CreERT2 mice, FGFR1-floxed mice (courtesy of Dr. Deng), and FGF8-floxed mice (courtesy of Dr. Moon) have been described previously [19] [20] [21] [22] , and these mice, except for NANOS3 À/À mice, were backcrossed to the C57BL6/J strain more than four times. Epididymal sperm were counted as previously reported [23] . All animals were maintained in accordance with National Institute of Genetics (NIG) guidelines. All animal procedures were conducted with approval from the Committee for Animal Care and Use at NIG.
Testicular Injection of Lentivirus
FGF8b was subcloned from testicular cDNA and inserted into a CSII-EF-MCS-IRES-VENUS plasmid (courtesy of Drs. Miyoshi and Miyawaki). Lentivirus (LV)-VENUS and LV-FGF8 were prepared and injected into 3-wk-old testes as described previously [18] .
RT-PCR
Stage-specific seminiferous tubules were isolated as described previously [24] . Total RNA was purified using an RNeasy kit (Qiagen 
Histological Analysis
Histological analysis and immunohistochemistry were performed as described previously [24] . The antibodies used for immunostaining in this study were chicken anti-GFP/VENUS (Aves), goat anti-GATA4 (Santa Cruz Biotechnology), rabbit anti-phospho-ERK1/2 (Cell Signaling), goat anti-GFRA1 (Neuromics), rabbit anti-PLZF (Santa Cruz Biotechnology), and rabbit anti-NANOS3 [5] . To detect phospho-ERK1/2, GFRA1, and NANOS3, an immunostain (Can Get Signal; Toyobo) was used. Secondary antibodies included Alexa 488-or Alexa 594-conjugated immunoglobulin G (IgG; Molecular Probes). To detect phospho-ERK1/2, Envisionþ anti-rabbit (Dako) and Tyramide signal amplification reagent (Perkin Elmer) were used. For quantitative analyses, more than 150 tubules or 100 cells were counted for 1 biological sample.
In situ hybridization was performed as described previously [23] . Fgfr1 was subcloned from testicular cDNA by RT-PCR. Digoxigenin (DIG)-labeled cRNA probes were synthesized with RNA labeling mix (Roche, Basel, Switzerland). Paraffin sections were hybridized with each DIG-labeled probe and incubated with horseradish peroxidase-conjugated anti-DIG Fab fragments (Roche). Signals were detected using cyanin 3-Tyramide signal amplification reagent (Perkin Elmer), following which, immunostaining using anti-PLZF or WT1 antibodies was performed.
Statistical Analysis
For quantitative histological assays, more than 150 tubules or 100 cells were counted for 1 biological sample, and more than 3 biological replicates were assessed. All statistical comparisons were made using Student t-tests. Statistical significance was set at a P value of ,0.05.
RESULTS
FGFR1 Is Expressed in Undifferentiated Spermatogonia and Contributes to Maintenance of Undifferentiated Spermatogonia
To investigate FGFR1 expression in adult testes, we conducted in situ hybridization with a probe for Fgfr1. Fgfr1 transcripts were detected in PLZF þ undifferentiated spermatogonia as well as in WT1
þ Sertoli cells ( Fig. 1, A , B, and F). Because 91.6% of PLZF þ cells were also positive for Fgfr1, FGFR1 may have been expressed in most of As to Aal undifferentiated spermatogonia.
To assess the significance of FGFR1 in undifferentiated spermatogonia and Sertoli cells, we mated Fgfr1 flox/flox mice with Rosa CreERT2/þ mice that ubiquitously expressed tamoxifen-inducible Cre. We injected tamoxifen into FGF SIGNALING IN UNDIFFERENTIATED SPERMATOGONIA all pups obtained by crossing wild-type females with male Fgfr1 CKO mice at more than 8 wk after tamoxifen injection were Fgfr1 del/þ (13 pups from 3 independent male Fgfr1 CKO mice) (Fig. 1G) . Considering that differentiation from undifferentiated spermatogonia to spermatozoa takes approximately 5 wk, this result indicates that Fgfr1 was efficiently deleted in undifferentiated spermatogonia.
On the other hand, we found that Fgfr1 signals were still detectable in most Sertoli cells (Fig. 1, E and F) . To further confirm this result, we crossed Rosa CreERT2/þ mice with Rosa26 reporter mice in which beta-galactosidase (b-gal) was expressed upon Cre recombination. We injected tamoxifen into 4-wk-old Rosa CreERT2/b-gal mice and tested their testes for b-gal expression at 10 wk. b-Gal was found exclusively within seminiferous tubules but not within interstitial spaces (Fig. 1 , H-J). It was previously reported that strong b-gal signals were found around nuclei of Sertoli cell when b-gal expression was induced in Rosa26 reporter mice [23] . However, b-gal expression induced by CreERT2 mice was not found in WT1 þ nuclei of Sertoli cells (Fig. 1K ). This is consistent with the germ cell-specific deletion of Fgfr1 observed in Fgfr1 CKO testes. Although we could not rule out the possibility that Fgfr1 deletion had occurred in a small number of Sertoli cells, we concluded that Fgfr1 was predominantly removed in undifferentiated spermatogonia. Thus, we investigated the significance of FGFR1 expression in spermatogenic cells, using Fgfr1 CKO mice.
In Fgfr1 CKO mice, germ cell differentiation occurred normally during the period we examined, and the number of spermatozoa in epididymis was unchanged (Supplemental Fig.  S1 , A-C; all Supplemental Data are available online at www. biolreprod.org). However, the number of NANOS3 þ cells was reduced at 10 wk (Fig. 2, A, B , and E). At 24 wk, this reduction became more evident, and the number of GFRA1 þ cells was also decreased (Fig. 2, A-F) , indicating that FGFR1 was involved in the maintenance of undifferentiated spermatogonia. To investigate how FGFR1 contributed to the maintenance of undifferentiated spermatogonia, we examined the activation patterns of ERK1/2, which play a central role in suppressing the differentiation of undifferentiated spermatogonia [18] . In Fgfr1 CKO testes, ERK1/2 phosphorylation in NANOS3 þ cells and GFRA1 þ cells was significantly reduced (Fig. 2 , G-L). These results suggest that FGFR1 is important for the maintenance of undifferentiated spermatogonia through activating ERK1/2 signaling.
FGF8 Is Expressed in Spermatogenic Cells in a Seminiferous Epithelial Cycle-Dependent Manner
FGF8 is expressed predominantly in the testes and ovaries of adult mice, but its function in adult testes is largely unknown [25] . Therefore, we investigated the significance of FGF8 in the maintenance of undifferentiated spermatogonia. We first examined the expression patterns of FGF8 in adult testes. Fgf8 HASEGAWA AND SAGA mRNA was detectable in wild-type testes but not in Nanos3 knock-out (KO) testes that were devoid of all germ cells because of apoptosis during embryonic development [20] (Supplemental Fig. S2A ), suggesting that FGF8 was expressed in spermatogenic cells. Interestingly, Fgf8 expression was regulated in a seminiferous epithelial cycle-dependent manner, because the highest expression occurred during stages IX to XII when ERK1/2 were strongly activated in GFRA1 þ undifferentiated spermatogonia (Supplemental Fig. S2B ) [18] .
FGF8 Maintains NANOS3
þ Undifferentiated Spermatogonia Through ERK1/2 Activation To assess the importance of FGF8 in testes, Fgf8-floxed mice were crossed with CreERT2 mice. We injected tamoxifen into Fgf8 flox/flox ; Rosa CreERT2/þ (Fgf8 CKO) mice at 4 wk and dissected their testes at 16 wk. As expected, quantitative RT-PCR revealed that Fgf8 expression in Fgf8 CKO testes was largely removed (Supplemental Fig. S2C ). Histological analysis showed that spermatogenic differentiation progressed normally and that the number of spermatozoa remained unchanged, similar to those in Fgfr1 CKO mice (Supplemental Fig. S1 , D and F). However, we found that the number of NANOS3 þ cells was significantly reduced in Fgf8 CKO mice at 16 wk as well as at 32 wk (Fig. 3, A, B, and E) . Furthermore, the phosphorylated ERK1/2 þ population among NANOS3 þ cells was significantly reduced (Fig. 3 , G, H, and K). By comparison, the numbers of GFRA1 þ cells and phosphorylated ERK1/2-GFRA1 doublepositive cells were unchanged in Fgf8 CKO mice (Fig. 3, C, D , F, I, J, and L). These results indicate that FGF8 is required for maintaining appropriate number of NANOS3 þ undifferentiated spermatogonia.
In mammalian testes, spermatogenesis proceeds with a cyclical program known as the seminiferous epithelial cycle. [26, 27] . ERK1/2 is also activated in Sertoli cells in a seminiferous epithelial cycle-dependent manner, and this periodical activation of ERK1/2 contributes to the cycledependent behavior of undifferentiated spermatogonia by promoting GDNF expression in Sertoli cells [18] . Because FGF signaling activates ERK1/2 in undifferentiated spermatogonia and FGFR1 is also expressed in Sertoli cells, we examined whether FGF8 also controlled ERK1/2 activation in Sertoli cells. However, in Fgf8 CKO testes, the activation patterns of ERK1/2 in Sertoli cells and Gdnf expression were unchanged (Supplemental Fig. S3 ). Therefore, FGF8 may not be a dominant ERK1/2 regulator in Sertoli cells.
FGF8 Overexpression Triggers Accumulation of Undifferentiated Spermatogonia
To further investigate the importance of FGF8 in the regulation of undifferentiated spermatogonia, we overex- FGF SIGNALING IN UNDIFFERENTIATED SPERMATOGONIA pressed FGF8 using lentivirus injection through the efferent duct, which results in predominant infection in Sertoli cells [24, 28] . We injected a lentivirus that contained Fgf8b, one of the FGF8 isoforms expressed in testes [29] , followed by IRES-VENUS (LV-FGF8b), into 3-wk-old wild-type testes and examined these at 8 and 16 wk. A lentivirus that contained VENUS was used as a control (Supplemental Fig. S4A ). Testes that were injected with LV-FGF8b showed an average 13.1-fold increase in Fgf8 expression (Supplemental Fig. S4B ). FGF8b overexpression resulted in accumulation of both GFRA1 þ and NANOS3 þ cells (Fig. 4, A-F) . Consistent with this, the proportion of phosphorylated ERK1/2-positive cells was increased, particularly in NANOS3 þ cells (Fig. 4 , G-L). Although we could not rule out the possibility that FGF8 derived from germ cells and Sertoli cells functioned differently, these results suggested that FGF8b promoted the accumulation of undifferentiated spermatogonia via activating ERK1/2 signaling.
FGF8 Overexpression Expands GFRA1
þ Undifferentiated Spermatogonia that Passed Through an NGN3 þ State
We found that FGF signaling predominantly regulated NANOS3 þ undifferentiated spermatogonia rather than GFRA1 þ cells by controlling ERK1/2 signaling. In addition, activating MEK/ERK signaling promotes GFRA1 expression in undifferentiated spermatogonia [18] . Therefore, we hypothesized that activating Fgf signaling would trigger a reversion from NANOS3 þ to GFRA1 þ undifferentiated spermatogonia. To address this, we used Ngn3-Cre mice to mark NANOS3 þ cell lineage because NGN3 and NANOS3 are coexpressed in a similar subpopulation of undifferentiated spermatogonia and Ngn3-cre drives reporter expression in most spermatogenic cells, except for a large proportion of GFRA1 þ cells, during normal spermatogenesis [19] . Thus, we can ask for any possible changes in NGN3 þ lineage by quantifying a proportion of b-gal þ cells among GFRA1 þ cells that contain cells experienced in NGN3 þ state. We crossed Ngn3-Cre mice with Rosa26 reporter mice and injected the offspring with LVFGF8b at 3 wk. After this injection, we found that the number of b-gal/GFRA1-double-positive cells significantly increased (Fig. 5, A-C) . These results indicated that FGF8 overexpression expanded a subpopulation of GFRA1 þ undifferentiated spermatogonia that passed through an NGN3 þ state.
FGF8 Overexpression Induces Accumulation of Undifferentiated Spermatogonia in a Cell-Autonomous Manner
Fgfr1 is expressed in undifferentiated spermatogonia and Sertoli cells. Thus, it is possible that FGF8b overexpression indirectly induced accumulation of undifferentiated spermato- gonia through Sertoli cells. To examine whether the increase in undifferentiated spermatogonia in FGF8b-overexpressing testes depended on FGFR1 expressed in undifferentiated spermatogonia, we overexpressed FGF8b in Fgfr1 CKO mice. We injected LV-FGF8b at 3 wk and tamoxifen at 4 wk. As expected, at 10 wk, the number of PLZF þ cells was increased in Fgfr1 flox/þ ; Rosa CreERT2/þ mice that were injected with LVFGF8b (Fig. 6 , A, C, and E). Importantly, FGF8b overexpression in Fgfr1 CKO testes did not result in any PLZF þ cell accumulation (Fig. 6, A-E) . In addition, FGF8b overexpression in wild-type testes did not affect either the Gdnf expression or stage-dependent activation pattern of ERK1/2 in Sertoli cells (Supplemental Fig. S4, C-E) . These results suggest that the accumulation of undifferentiated spermatogonia induced by FGF8b overexpression occurs in a cell-autonomous manner through FGFR1 expressed in undifferentiated spermatogonia.
DISCUSSION
In this study, we demonstrated that FGF signaling maintains undifferentiated spermatogonia by activating ERK1/2 signaling in vivo. Our results suggest that FGF signaling may have a unique role in the maintenance of undifferentiated spermatogonia during steady state spermatogenesis (Fig. 7) . FGFR1 is expressed in undifferentiated spermatogonia and is activated in part by FGF8 secreted from spermatogenic cells, suggesting that spermatogenic cells, as well as somatic cells, are also involved in the regulation of undifferentiated spermatogonia. Furthermore, FGF8 activates MEK/ERK signaling primarily in NANOS3 þ cells and is important for the maintenance of this subpopulation. NANOS3
þ undifferentiated spermatogonia express low levels of the GDNF coreceptors GFRA1 and RET, and therefore, they are unable to receive GDNF signaling, which activates mainly MEK/ERK signaling in GFRA1 þ cells [18] . Consequently, FGF signaling may function as a major factor in regulating NANOS3 þ subpopulation. All together, our data suggest that FGF signaling is a component of the testicular niche regulating undifferentiated spermatogonia.
The predominant effect of FGF signaling on NANOS3 þ undifferentiated spermatogonia raises the interesting possibility that FGF signaling accelerates the reversion of NANOS3 þ cells to GFRA1 þ cells. This hypothesis is supported by the fact that MEK/ERK signaling activated Gfra1 and Ret expression in undifferentiated spermatogonia [18] , and FGF8 overexpression expands a subpopulation of GFRA1 þ cells that passed through an NGN3 þ state (Fig. 5) . In Fgfr1 CKO mice, the number of GFRA1 þ cells were significantly reduced. In contrast, Fgf8 CKO mice did not result in a reduction of GFRA1 þ undifferentiated spermatogonia during our examination period. These results suggest that in addition to FGF8, other Fgf ligands are likely to be involved in this reversion or that the conversion from NANSO3 þ to GFRA1 þ cells is a rare event during steady state spermatogenesis, as previously reported [30] . Nevertheless, it is still possible that the proliferation or survival of GFRA1 þ /b-gal þ cells that were present prior to lentivirus injection were specifically expanded by FGF8 overexpression. Thus, to determine whether FGF signaling promotes the reversion of undifferentiated spermatogonia, additional experiments such as time-lapse imaging and a lineage trace experiments using mutant mice in which FGF signaling is inactivated will be needed.
We found that reduction of undifferentiated spermatogonia in Fgf8 CKO mice was milder than that of Fgfr1 CKO mice, suggesting that other FGF ligands compensate for the function of FGF8. In adult testes, expression levels of several FGF ligands were reported [25] . For instance, FGF9 is expressed in embryonic and adult testes and induces NANOS2 expression in male germ cells [12, 31] . This hypothesis is further supported by the importance of FGF signaling for the long-term culture of SSCs. GDNF alone is not sufficient, and simultaneous addition of FGF is critical for in vitro expansion of SSCs [16, 17] . Thus it is likely that FGF signaling plays a more significant role in the maintenance of SSCs in vivo than what we found in this study.
We previously demonstrated that ERK1/2 activation in undifferentiated spermatogonia and Sertoli cells was dependent on the seminiferous cycle [18] . In this study, we found that FGF8 was expressed in a stage-dependent manner and exhibited the highest expression during stages IX to XII when ERK1/2 are strongly activated. Because FGF8 regulated undifferentiated spermatogonia through FGFR1 that was expressed in these cells, FGF8 may have directly contributed to the seminiferous cycle-dependent activation of ERK1/2 in these cells. In contrast, FGF8 could not change the seminiferous cycle-dependent activation pattern of ERK1/2 in Sertoli cells, despite FGFR1 expression in those cells. Our results raise several possibilities regarding the regulation of MEK/ERK signaling in Sertoli cells: 1) ERK1/2 in Sertoli cells is regulated by factor(s) other than FGF signaling; 2) ERK1/2 is regulated by FGF ligand(s) except for FGF8; or 3) ERK1/2 is suppressed rather than activated in a stage-dependent manner, particularly during stages VII to VIII. These possibilities are not mutually exclusive, and additional experiments will be needed to determine how stage-dependent ERK1/2 signaling activation in Sertoli cells is regulated. 
FGF SIGNALING IN UNDIFFERENTIATED SPERMATOGONIA
In the current study, we revealed a novel function of FGF signaling in the regulation of undifferentiated spermatogonia by using gain-and loss-of-function models. Our results indicate that FGF signaling is also important for the maintenance of undifferentiated spermatogonia in vivo as well as in culture. These findings expand our understanding regarding stem cell systems in our body, and may provide a new basis for the treatments of male infertility.
